Abstract: Basic and intermediate meta-igneous xenoliths are very scarce within the granulite population transported by the Per mian alkaline lamprophyric dyke swarm of the Spanish Central System (SCS). These xenoliths are metalurninous pyroxene-bearing chamockites (sensu lato). They show LREE-poor plagioclase and orthopyroxene-clinopyroxene. Crystallization conditions were estimated at about 850 to 1000 °C and 9 to 11 kbar, a slightly higher range than that estimated for the associated peralurninous granulites, but indicating derivation from the lowerrnost crust.
Introduction
The Spanish Central System (SCS) is a moderate-elevation mountain range (1400 m mean elevation) composed mainly of granitic plutons intruded into felsic (meta-granitic and metasedimentary) Palaeozoic and Neoproterozoic conti nental crust. This large Hercynian batholith is dominated by peraluminous S-type granites, although some minor weakly peraluminous or metaluminous granites of I-type affinity also occur (Villaseca et al., 1998; Bea et al., 1999) . The origin of these granites is controversial, concerning the roles of crustal and mantle contribution, especially for I-type granites (e.g. Moreno Ventas et al., 1995; Villaseca et al., 1998; Bea et al., 1999) .
Upper Permian alkaline lamprophyric dyke swarms cross-cut both granite and basement rocks. They contain abundant deep crustal xenoliths of variable compositions. Studies of lower crustal granulite xenoliths from these al kaline lamprophyres have revitalised the discussion regard ing a prevalently crustal origin for the SCS batholith vs. involvement of significant mantle-derived magmas. The peraluminous granulite xenolith suite matches the resid ual composition (major and trace elements, and Sr-Nd o isotopic ratios) of the outcropping granitic intrusions (Villaseca et al., 1999; Villaseca & Herreros, 2000) . This hypothesis is corroborated by geochronological data that show the residual granulites are of Hercynian age, i.e. their granulitic imprint was acquired during late-Hercynian times (320 to 285 Ma), identical to the intrusion ages for the SCS plutons (Fernandez Suarez et aI., 2006) . Thus the lower crustal granulite suite of xenoliths seems to represent the residual keel of SCS granites.
In this work we describe pyroxene-bearing mafic and in termediate granulites from the lower crustal xenolith suite that have not been previously studied. These samples com prise around 1 voL % of the entire xenolith population. We present geochemical data for the whole xenolith suite, trace element microanalysis of major minerals and whole-rock Sr-Nd-Pb isotope ratios and discuss their implications in the genesis of the SCS Hercynian granites.
Geological setting and xenolith petrography
The SCS Hercynian batholith is made by the coalescence of more than a hundred plutons in an age range of around 324 to 285 Ma (Villaseca & Herreros, 2000) . Two main granite types have been distinguished: i) peraluminous cordierite bearing granites of S-type affinity, and ii) metaluminous to weakly peraluminous biotite-bearing granites with lo cally accessory amounts of amphibole, described as I-type granites (e.g. Villaseca et al., 1998) . Intermediate granite types without characteristic peraluminous minerals have been also described (e.g. Pinarelli & Rottura, 1995) . Much debate on SCS granite is related to the relative roles of mantle and crust during their genesis. Some studies sug gest a mixed mantle-crustal source for granites (Pinarelli & Rottura, 1995; Moreno-Ventas et al., 1995; Castro et al., 1999) whereas others point to a mainly lower crustal ori gin (Villaseca et al., 1998 (Villaseca et al., , 1999 Bea et al., 1999) . The SCS batholith is later intruded by different suites of post collisional dyke swarms (Villaseca et al. 2004 ): 1) E-W oriented calc-alkaline microdiorites and later shoshonitic microgabbros, all accompanied by abundant coeval granite porphyries, 2) N-S oriented alkaline lamprophyre dykes, and 3) the gabbroic Messejana-Plasencia tholeiitic dyke, the last magmatic event registered in the SCS (dated at 203 Ma, Dunn et al., 1998) , which has been related to the opening of the Atlantic Ocean. Only the lamprophyre dykes carry deep xenoliths of variable composition.
Lamprophyres have been dated to Upper Permian times (264 to 252 Ma, Perini et al., 2004; Femandez Swirez et al., 2006) and locally were emplaced as diatreme like, xenolith-rich subvolcanic bodies (Nuez et al., 1982; Villaseca et al., 1999; Bea et al., 1999) . The xenolith lo calities are shown in Fig. 1 . The abundance of xenolith types is detailed in Fig. 2 and their general character istics are described in Table 1 . The data presented here double the population of studied xenoliths and enlarge the geographical area sampled, yielding a more represen tative characterization of the lower continental crust be neath the SCS. The relative abundance of the three main types of granulite xenoliths distinguished by Villaseca et al. :0
>- (1999) is confirmed by this expanded sampling: i) a ma jor population of meta-igneous felsic peraluminous gamet bearing granulites (approx. 93 vol. % of the total xeno lith suite, Fig. 2 ), including some orthopyroxene-gamet bearing varieties (Villaseca et al., 1999) , ii) metapelites or highly peraluminous gamet-sillimanite-rich granulites (ap prox. 5 vol. %) of pelitic origin (Villaseca et al., 1999) , and iii) chamockites or metaluminous pyroxene-bearing granulites (approx. 1 vol. %). The latter are the main ob ject of this work. Although the SCS xenolith suite consists mainly of granulite crustal xenoliths, there are some mi nor ultramafic and related mafic xenoliths (pyroxenites and homblenditic pyroxenites) formed mainly during the alka line underplating event which gave rise to the lamprophyre dyke swarms (Orejana et al., 2006) . The different gran ulite types coexist in most of the xenolith-rich outcrops, sometimes even in the same thin-section. In three localities (BS, SBP and PEG, Fig. 1 ), granulite xenoliths are found together with pyroxenitic ultramafic-mafic xenoliths (Ore jana et al., 2006) . Pyroxene-bearing granulites may have orthopyroxene, clinopyroxene or both; they form small rounded xenoliths rarely exceeding 5 cm in maximum length. They show a granoblastic texture with no clear evidence of band ing likely due to their small size. They are rich in fel sic minerals; quartz, K-feldspar and/or plagioclase usually exceeds 50 % in modal amount (Table 1) . They plot in the quartz-monzogabbroic (enderbite-jotunite) to gabbroic (norite) modal fields (Fig. 3) . Although the marked domi nance of plagioclase among felsic minerals prevents their classification as charnockites s.s., this name will be used informally through the text to refer to these metaluminous pyroxene-bearing xenoliths.
SCS chamockite mineralogy comprises plagioclase, quartz, K-feldspar, orthopyroxene and clinopyroxene as major phases. Peraluminous minerals (sillimanite, gar net, Al-phlogopite) are lacking, in contrast with the other two coexisting groups of lower crustal granulite xenoliths (Villaseca et al. 1999) . Accessory phases include rutile, sphene, apatite, ilmenite, zircon and pyrrhotite. residual granulite (Villaseca et aI., 1999) Highly peraluminous (meta-sedimentary rocks)
residual granulite (Villaseca et aI., 1999) highly restitic granulite VDPB-99 = Villaseca et al. (1999) . Mineral abbreviations after Kretz (1983) except: amph = amphibole, pl* = ternary feldspar. Modal analyses of pyroxenite xenoliths from (Orejana et aI., 2006) , felsic and metapelitic granulites from (Villaseca et aI., 1999) .
Qtz
Charnockites Fig. 3 . Modal composition of the SCS granulite xenoliths in terms of Kfs-Qtz-Pl proportions.
The peraluminous orthopyroxene-garnet-(phlogopite) bearing granulites (type 2a from Villaseca et al., 1999) (Ta ble 1) are more felsic in modal composition than the meta luminous charnockites (Fig. 3) , and show different mineral and whole-rock chemical compositions, as it will be ex posed below.
Analytical methods
Major element mineral composItIOn was determined at the Centra de Micrascop{a Electr6nica "Luis Bru" (Com plutense University of Madrid) using a JEOL JZA-8900M electron microprobe (EMP) with four wavelength disper sive spectrometers. Analyses were performed with an ac celerating voltage of 15 kV and an electron beam current of 20 nA, with a beam diameter of 2-5 [.till. Elements were counted for 10 s on the peak and 5 s on each of two back ground positions. Corrections were made using the ZAP method.
Concentrations of 24 trace elements (REE, Ba, Rb, Th, U, Nb, Ta, Sr, Zr, Hf and Y) were determined on major min eral phases on > 130 [.tm thick polished sections by laser ablation ICP-MS (LA-ICP-MS) at the Department of Earth Sciences (University of Bristol) using a VG LaserProbe 11 (266 nm frequency-quadrupled Nd-YAG laser) coupled to a VG Elemental PlasmaQuad 3 ICP-MS. The diameter of the laser spots was approximately 20-30 [.till. The counting time for each analysis was typically 100 s (40 s measur ing gas blank to establish the background and 60 s for the remainder of the analysis). The NIST 610 and 612 glass standards were used to calibrate relative element sensitiv ities for the analyses of the silicate minerals. Each laser analysis used Si (for feldspars and orthopyroxene) and Ca (for clinopyroxenes) as an internal standard, with concen trations determined by electron microprobe. Ti was the in ternal standard for rutile analyses. Whole-rock major and trace element analyses of seven xenoliths (4 charnockites and 3 opx-grt-granulites) were determined at the CNRS-CRPG, Nancy. The samples were fused using LiB0 2 and dissolved with HN0 3 . Solutions were analysed by inductively coupled plasma atomic emis sion spectrometry (ICP-AES) for major elements, whilst trace elements were determined by rep mass spectrometry (ICP-MS). Uncertainties in major elements are generally between 1 and 3 %, except for MnO (5-10 %) and P 2 0S (> 10 %), whereas most of the trace elements have uncer tainties <10 %. More information on the procedure, preci sion and accuracy of Nancy ICP-MS analyses is given by Carignan et al. (2001) .
The same xenoliths were also selected for combined Sr-Nd isotopic analyses at the CA! de Geocronolog(a y Geoqufmica /sotopica of the Complutense University of Madrid, using an automated VG Sector 54 multicollec tor thermal ionisation mass spectrometer with data ac quired in multidynamic mode. Isotopic ratios of Sr and Nd were measured on an aliquot of whole-rock powder. The Sr-Nd analytical procedures used in this laboratory have been described elsewhere (Reyes et al., 1997) . Re peated analysis of NBS 987 gave 8 7 Sr/86Sr = 0.71 0249 ± 30 (2cr, n = 15) and for the JM Nd standard the 14 3 Nd/44Nd = 0.511809 ± 20 (2cr, n = 13). The 2cr error on calculated �(Nd) values is ±OA.
Two charnockites, one opx-grt granulite and five other peralurninous granulite xenoliths were selected for Pb iso topic analyses at the Natural History Museum of Stock- holm University using a Finnigan MAT 261 TIMS with multicollector and a secondary electron multiplier. It was only possible to prepare K-feldspar separates from three of the peraluminous granulite xenoliths ( Table 7) . The Pb isotope composition of the two pyroxenite xenoliths of probable calc-alkaline affinity from Orejana et al. (2006) have been also studied for comparison. The samples were dissolved with HF and HN0 3 . A 20 sPb spike was added to each sample. Pb was separated using cation exchange columns. The NBS 981 and 982 elemental Pb standards were used to evaluate fractionation and precision, the latter being around 0.1 % for the isotopic ratios shown in Ta ble 7. Repeated analyses of international standard BCR-l were used to monitor accuracy.
Mineral chemistry Feldspars
Representative EMP analyses of charnockite feldspars are shown in Ta ble 2. K-feldspar always represents < 20 vol.% of the xenolith ( Table 1) . K-feldspar has a greater Or com ponent in interstitial areas and in rims (Or95) than in in ner zones (Or5O-70 )' Although their major element compo sition resembles that of feldspars from the SCS peralumi nous granulite xenoliths, their P 2 05 content is significantly lower, always < 0.06 wt. %, and at least three times lower than feldspars in coexisting peraluminous types (Fig. 4b ). 
An (a)
Or(mol%) Plagioclase is the most abundant mineral in the charnock ites, ranging from 50 to 75 vol.% of the xenolith. Its com position varies between An37 to An73, being more Ca-rich than plagioclase from peraluminous xenoliths. Plagioclase in the charnockites is also lower in K20 (Or < 10 mol%) and P20s « 0.1 wt.%) contents (Fig. 4) compared to the peraluminous xenoliths.
Major differences are apparent when the trace element contents of feldspars are considered. Plagioclase in the charnockites have low LREE contents, in the range of 7-50 ppm (Table 2) , as is common in metaluminous gran ulites (Pride & Muecke, 1981; Loock et al., 1990) , whereas plagioclases in SCS peraluminous granulites show much higher LREE contents, in the range of 150-550 ppm (Villaseca et aI., 2003) (Fig. 4c) . Other lower crustal gran ulite xenoliths of peraluminous composition also have LREE-rich plagioclases (Reid, 1990; Condie et aI., 2004) , similarly to those of SCS felsic meta-igneous xenoliths (Villaseca et aI., 2007) . Charnockite plagioclase also shows slightly lower Rb-Ba-(Sr) contents than plagioclase from peraluminous granulites.
Pyroxenes SCS pyroxene-bearing granulites typically contain 10-40 vol. % orthopyroxene, clinopyroxene or both, always subordinate to modal plagioclase (Table 1) . Pyroxene is the only mafic phase in these xenoliths. Pyroxenes are chem ically varied suggesting that the granulites are composi tionally heterogeneous; orthopyroxene ranges from En76 to En43 and is richer in Wo (1-3 %) than orthopyroxenes from peraluminous opx-grt-granulites. In contrast, orthopyrox enes from these peraluminous granulites have a more re stricted compositional range (En61 to En4S, Table 3 ). The high CaO (0.5 to 1.2 wt.%) and low A1203 contents (1.4 to 6 wt. % ) of charnockite orthopyroxenes distinguish them from peraluminous granulite orthopyroxenes (Fig. 5a) .
Clinopyroxene only appears in charnockites within the SCS xenolith suite. XMg in clinopyroxene varies from 0.80 to 0.68 with variable CaO (18.4 to 24.6 wt.%) and Ah03 (mostly from 1.6 to 4.3 wt.%) contents (Fig. 5b) . In one granulite, that is located in the same sample (102131) of the only websterite xenolith found in the SCS lampro phyres (Orejana et aI., 2006) , clinopyroxene shows high Na20 (up to 1.1 wt.%) and A1203 (up to 8.3 wt.%) con tents, equivalent to 8.2 mol% jadeite. In all cases, bar the previously mentioned granulite 1 02l31, granulitic clinopy roxenes show lower Ti02, Cr203, NiO, Na20 and A1203 contents when compared to clinopyroxene from SCS ultra mafic xenoliths (Fig. 5b) .
Orthopyroxene shows much lower trace element concen trations than clinopyroxene. Orthopyroxene in SCS meta luminous granulites show higher Se, Cr, Y, and HREE con tents than those from garnet-bearing peraluminous types; however the latter are notably richer in V (Table 4) . More over, their chondrite-normalized REE patterns display a marked positive HREE fractionation (GdNjErN = 0.3) whereas orthopyroxene from peraluminous opx-grt gran ulites show a negative HREE fractionation (GdNjErN = 3.5) (Fig. 6a ). There are also remarkably similar trace el ement composition and REE patterns in the orthopyrox enes from the two-pyroxene granulite and the websterite (Fig. 6a) , both from the same sample 102l31.
Clinopyroxene shows a more variable trace element com position. In sample 105775 clinopyroxene has higher Y HREE contents than clinopyroxene from ultramafic pyrox enites (Fig. 6b) . The charnockite clinopyroxene has lower LILE (Rb, Sr, Ba), HFSE (Nb, Th, Zr, Hf, Ta) and LREE contents than clinopyroxene from SCS ultramafic xeno- liths. Some clinopyroxenes show convex-upward LREE patterns with a peak at Srn, similar to the general pattern of clinopyroxene in ultramafi c xenoliths with the exception of marked negative Eu anomalies (Fig. 6) . Clinopyroxene from charnockite 102131 has a fl atter REE pattern and a marked positive Eu anomaly. Clinopyroxene showing neg ative Eu anomalies are common in mafic granulite xeno liths (Loock et al., 1990; Upton et al., 2001; Storkey et al., 2005) , whereas those with positive anomalies are more unusual and have been interpreted as indicative of high oxygen fugacity during high-T metamorphism (Rogers & Hawkesworth, 1982; Loock et al., 1990) or by metamor phic reaction with feldspar in plagioclase-rich granulites (Ulianov et al., 2006) .
Accessories
Charnockite rutile has high Zr contents (close to 4500 ppm), slightly lower than in associated peraluminous granulites, where they can reach 6900 ppm (Villaseca et al., 2007) . The high Zr content of charnockite rutiles is typical of granulite-facies conditions (Zack et al., 2004) . Apatites have high total LREE contents (around 7300 ppm) and sig nificant amounts of Sr (300 ppm) and Th (32 ppm) (Table4). They have high CeN/YbN ratios (15) and low Eu/Eu* values (0.13), the latter being much lower than in other mafi c granulites (Loock et al., 1990; Upton et aI., 2001) , and typical of equilibration with the modally abundant pla gioclase (Storkey et al., 2005) .
p-T estimates
Equilibration pressures of the charnockite xenoliths must have been less than 10-12 kbar, otherwise garnet would have been stable. In melting experiments on tonalite rocks, garnet replaces orthopyroxene at pressures > 12 kbar (Patino Douce & McCarthy, 1998) and garnet also appears at 10 kbar in most meta-gabbro melting experiments (e.g. Springer & Seck, 1997). P-T estimates were obtained using the PTMAFIC program of Soto & Soto (1995) . Pressures of between 9 to 12 kbar were obtained using cpx + plag + qtz equilibria (Ellis, 1980) in those charnockites with two pyroxenes or only clinopyroxene ( Table 5) . Pressure esti mates based on garnet-orthopyroxene equilibria (Newton & Perkins, 1982; Brey et al., 1986 ) for associated peralu minous granulite xenoliths gave similar values mostly in the range of 9 to 11 kbar (Table 5) . Moreover, SCS pyrox- enite xenoliths yielded the same pressure range for recrys tallization (Orejana et al., 2006) . Temperatures estimates in charnockites have been de termined using two-pyroxene or Ca-in-orthopyroxene geothermometers (Wells, 1977; Wo od & Banno, 1973; Brey & KOller, 1990) . A range of 915 to 1060QC has been obtained ( Table 5 ). The garnet-orthopyroxene geother mometer of Harley (1984) and Al-in-orthopyroxene equi libria of Witt -Eickschen & Seck (1991) give similar values of 870 to 990 QC for the more felsic peraluminous orthopyroxene-gamet granulites. Moreover, the occurrence of orthopyroxene in peraluminous granulites with high-Ti F mica and a Ti-bearing phase (rutile/ilmenite) has been observed experimentally in the range 925 to 1050 QC for the estimated pressure conditions (Nair & Chacko, 2002) . Estimated temperatures in SCS pyroxene-bearing xeno liths are slightly higher than those for the felsic granulite xenoliths, a situation that occurs in other xenolith suites; pyroxene thermometry tends to overestimate temperature (e.g. AI-Mishwat and Nasir, 2004). Similarly, the applica tion of Zr-in-rutile geothermometry yields a varied range of T estimates, depending of the calibration used. The em pirical version of Zack et al. (2004) gives 960 to 1060 QC, whilst the experimental approach of Watson et al. (2006) yields a range of 830 to 930 QC (Table 5) .
These results overlap with the estimated granulitic P -T conditions in the SCS felsic and pelitic xenolith suites (Villaseca et al., 1999) , although P -T estimates in the charnockites are higher. Nevertheless, estimated equilibration pressures, mostly in the range of 9 to 11 kbar, suggest that all quartz-feldspathic xenoliths could be de rived from lower crustal levels. In addition, these P -T estimates are in agreement with the lack of garnet in basic granulites and the general presence of sillimanite (instead of kyanite) in associated peraluminous granulite xenoliths. Table 5 . P -T determinations on SCS pyroxene-bearing xenoliths. ( 1986).
Xenolith type T( I) T(2) T( 3) T(4) T(5) T(6) P(I) P( 2) P(3)
102131
Whole-rock geochemistry

Major elements
Major and trace element data for 7 whole-rock samples (4 charnockites and 3 orthopyroxene-garnet granulites) are given in Table 6 . Although charnockites are aluminium-rich (with 14 to 19 wt.% A1203) they are always metaluminous in com position, in contrast with orthopyroxene-garnet granulites which are moderately to highly peraluminous (NCNK val ues from 1.2 to 1.7). According to their Si02 content, charnockites range from basic to mainly intermediate com position whereas orthopyroxene-garnet granulites are more silica-rich (intermediate to acid) (Table 6 ). Charnockites show lower Ah03, FeO, Ti02, K20 and higher CaO con tents than felsic and pelitic xenoliths (Fig. 7) . Neverthe less, they show a high K20 content, mainly from 1.65 to 3.38 wt.%, plotting mostly in high-K fields on the ba sis of their concentrations of K20 and Si02 (Le Maitre et al., 1989). MgO and Na20 contents are intermediate be tween those of felsic and pelitic xenoliths (Fig. 7) , except for two charnockites, which show very high Na20 con tents. The most basic charnockite (105775) has the lowest Na20 content (1.49 wt. %) but also the highest CaO content (1004 wt.%) ( Table 6) .
Most of the analyzed charnockites are hypersthene nor mative but have some olivine in the CIPW norm (2.8 to 8.7 wt.%), although xenolith U-3 has 15.8 wt.% norma tive quartz (Table 6 ). All have normative orthoclase (8-22 wt.%).
Trace elements
Charnockites show lower contents of REE-Y and HFSE (Th-U-Zr-Nb-Ta) than peraluminous granulite xenoliths, except the most felsic sample 105779. Moreover, they show slightly lower Rb-(Ba)-Cs contents, but similar Sr. More remarkable is their slightly lower Ni-(Cr)-V contents than felsic or pelitic xenoliths (Fig. 7) .
According to REE and multi-element patterns the most basic charnockite 105775 is markedly different to the rest (Fig. 8a,b) . It has the lowest trace-element contents and the flattest REE pattern, similar to those of some associated pyroxenite xenoliths. In fact, it has nearly the same multi element pattern as websterite xenolith 102131 of Orejana et al. (2006) , but has higher LILE contents (Rb, K, Sr, Ba). The other charnockites show a fractionated LREE pattern and a variably negative Eu anomaly, similar to those of the felsic granulite xenoliths, although with lower HREE contents (Fig. 8a) . In normalised multi-element plots they show negative Th-U, Nb-Ta and Ti anomalies, and positive Pb and P anomalies. The lack of coherent element correla tions suggests that the charnockite samples should not be treated as a single cogenetic group.
Sr-Nd-Pb isotopes
Measured Sr, Nd and Pb isotopic ratios for these xenoliths are given in Table 7 . Their Sr-Nd isotope compositions y   30  40  50  60  70  80 30  40  50  60  70  80 30  40  50  60  70  80  Si02 Si02 Si02 Fig. 7 . Major (wt.%) and trace (ppm) elements vs. Si02 variation diagrams for SCS granulite xenoliths. Felsic and metapelitic xenoliths are taken from Villaseca et al. (1999) .
are plotted in Fig. 9 together with isotopic values from the other granulite xenolith suites (Villaseca et aI., 1999) and from calc-alkaline pyroxenite xenoliths (Orejana et aI., 2006) . Initial isotopic ratios have been calculated at 300 Ma, which is the average age for granulite recrystal lization of the lower crustal xenoliths (Femandez Suarez et aI., 2006) . In the age-corrected CNd vs. 87Srj86Sr diagram (Fig. 9) , charnockites plot towards BSE values, and display a slightly lower Sr-Nd isotopic composition than associ ated peraluminous granulite xenoliths. Nevertheless, two of the most acid charnockites (U-3 and 103490B) plot in side the felsic granulite field. More basic charnockites have similar Sr and Nd isotope values to those pyroxenite xeno liths. The Pb isotope data confirms the similarity between the most basic charnockite 105775 and the calc-alkaline pyroxenite xenoliths, which yields the highest 206Pbpo4Pb ratio (Fig. 10) . Again, chamockite 103490B plots within the same Pb isotope compositional field as the other SCS granulite xenoliths (defined by felsic meta-igneous gran ulites, Table 7 ), although toward lower 208Pbpo4Pb values (Fig. lOb) .
The different SCS xenolith types show a restricted range in Pb isotope composition, similar to that defined by other European lower crustal xenoliths (Downes, 1993) . The limited variation in initial Pb isotopic composition of SCS lower crustal xenoliths (charnockite, felsic and pelitic granulites) contrasts with their wide variation in CNd and 87Srj86Sr values.
Discussion
Nature of granulitic protoliths: restites or cumulates from previous magma underplating events?
Ve ry scarce basic rocks are present in the SCS. Out cropping metamorphic rocks of Neoproterozoic to Lower Palaeozoic age are characterized by rare occurrences of meta-basites; minor continental-type tholeiitic meta basites were described by Barbero & Villaseca (2000) . The lack of basic magmatic input associated with the Hercy nian collision is remarkable, estimated to be much less than 1 vol. % of the total Hercynian SCS batholith (Villaseca et at. , 1998; Bea et at. , 1999; Villaseca & Herreros, 2000) . The origin and nature of the protoliths of the basic to inter mediate granulite xenoliths described in this work is rele vant to clarify the composition and evolution of this com plex orogenic continental sector. The varied chemical composition of the charnockites sug gests multiple origins. For example, the isotopic data point to different charnockite protoliths which cannot be related to a single petrogenetic process (e.g. a single layered ig neous complex or a unique magmatic system, even involv ing assimilation of lower crustal rocks). Thus, the stud ied SCS charnockites reflect sampling of different granulite protoliths.
Some charnockite xenoliths could be recrystallized cu mulates from previous Hercynian calc-alkaline magmatic events, subsequently fragmented at the base of the crust and included by the ascending Permian alkaline lamprophyres. This is based on the lack of hydrous minerals (amphibole or mica) and chemical similarities with the calc-alkaline ultramafic xenoliths. The clinopyroxene composition of charnockite 102131 is very similar to that of clinopyrox enes in the related websterite xenolith (Orejana et at. , 2006) (Fig. Sb and 6b) . Charnockite orthopyroxene trace element contents are also within the same range shown by the accompanying websterite xenolith (Fig. 6a) . More over, charnockite 10S77S has a trace element whole-rock composition typical of a clinopyroxene-plagioclase cumu late, which resembles some pyroxenite xenoliths (Fig. 8) . This charnockite also has the most Ca-rich plagioclase and its clinopyroxene displays a convex-upward chondrite normalized REE pattern typical of clinopyroxene formed as deep cumulate crystals from basic magmas (Irving & Frey, 1984) . Consequently, some charnockites may form part of a complex mafic-ultramafic sequence subsequently granulitized at the base of the crust after a magmatic un derplating event. Their high-K content and Hy-normative character suggest a calc-alkaline affinity. In fact, their Sr N d isotopic composition plot within the range displayed by minor Hercynian calc-alkaline basic magmas, which out crop as small scattered gabbroic bodies in the SCS (Bea et at. , 1999) .
In contrast to the cumulate xenoliths discussed above, the lack of Ca-rich plagioclase and exsolution textures in pyroxenes, combined with a trace-element geochem istry that is not appropriate for plagioclase-or pyroxene dominated cumulates (Berger et at. , 200S) , suggest that most SCS charnockites are restitic rocks. The composi tion of restitic pyroxenes in melting experiments of vari ous rocks (metapelites, metagreywackes, biotite-gneisses, basalts and tonalites) are shown in Fig. S and may furnish information on the charnockite protoliths. Thus, orthopy roxene formed by biotite breakdown (e.g. metapelites, gneisses) has higher Al203 contents than that orthopy roxene formed by hornblende breakdown in metalumi nous protoliths (e.g. tonalites, basalts) (Fig. Sa) . In a dia gram of Al203 vs. CaO composition, orthopyroxene from metapelitic rocks plots towards the highest Ah03 (and low est CaO) contents; whereas those from meta-basalts have the highest CaO (and lowest A1203) contents. Charnockitic orthopyroxenes plot in an intermediate compositional field, which is closer to basic-intermediate (and metaluminous) protoliths, whereas garnet-bearing felsic granulites have or thopyroxenes of clear peraluminous felsic derivation (AI rich graywackes or biotite-bearing gneisses) (Fig. Sa) . Restitic orthopyroxene from dehydration-melting experi ments in metaluminous tonalites (Singh & Johannes, 1996) match closely with the compositional field of charnockitic orthopyroxene.
Charnockite clinopyroxenes also plot in an intermedi ate field between restitic clinopyroxenes in melting ex periments involving meta-tonalites (Singh & Johannes, 1996) and K-rich meta-basaltic andesites (not included in Fig. S , sample YOS-SSA from Sisson et at. , 200S) . Restitic clinopyroxenes from more meta-basic protoliths (basalts or amphibolites) usually have higher Ah03 con tents (Springer & Seck, 1997; Sisson et at. , 200S) (Fig. Sb) .
The absence of amphibole in metaluminous granulites is remarkable. Some dehydration melting experiments show that amphibole breakdown occurs below 900 to 9S0 QC (Beard & Lofgren, 1991; Patino Douce & Beard, 1995; Skjede & Johnston, 1996) , suggesting that amphibole might be a stable restite phase during dehydration melting in the lower continental crust. Moreover, other melting ex- (Fig. 9) . In ad dition, the granulite Pb isotope data presented in this work also corroborates the similarity between granulite xeno liths and outcropping Hercynian granites of I-type affin ity. Figure 10 granulite-granite connection in central Spain. A similar lower crustal derivation, based on Sr-Nd-Pb isotopic data, has been suggested for Hercynian granites of the French Massif Central (Downes et al., 1997) . Most of the granulite xenoliths with pelitic natures have different Sr-Nd isotopic ratios to the Hercynian granites from central Spain ( Fig. 9 and 10) ( Table 7) , underlining their minor contribution to the SCS peraluminous granite batholith as has been pre viously stated (Villaseca et al., 1998; Villaseca & Herreros, 2000) .
Conclusions
SCS pyroxene-bearing xenoliths equilibrated at high P -T conditions, mainly in the range of 900 to 1000 QC and 9 to 11 kbar. Although these ranges represent more extreme P-T values, they overlap with estimates for the most abun dant felsic granulites, indicating similar metamorphic con ditions, and, therefore, they may have been sampled from the same depth in the lower crust.
The heterogeneity shown by SCS charnockite xeno liths implies contrasting origins. The most mafic sam ples could represent metamorphosed equivalents of mafic calc-alkaline magmas intruded at or near the crust-mantle boundary. Due to their spatial association with ultramafic pyroxenite xenoliths, they are interpreted as having crys tallized initially as gabbroic cumulates, successively con verted to granulites as they cooled. Nevertheless, the most abundant intermediate (Si02 > 52 wt. %) charnockite xeno liths could be restitic granulites after granite melt extrac tion; this is due to their appropriate pyroxene mineral chemistry and the strong overlap in initial Sr-Nd-Pb iso tope ratios with outcropping Hercynian granites, mainly with those of I-type affinity.
If the abundances of mafic and felsic xenoliths in the SCS reflects the true abundance of these compositions in the lower crust, and if only a few of these mafic xeno liths are true cumulates from an underplating event at the crust-mantle boundary, then mantle-derived magma tism during Hercynian times in central Spain represents a minor episode of crustal accretion. This is in agreement with recent thermal modelling of the Hercynian collision by thickening of the central Iberian crust, if correct it would imply that granite magmatism does not require a significant addition of heat from mantle sources (Bea et al., 2003) .
